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ABSTRACT
X-ray diffraction patterns of nano-calcium in milk samples obtained from market, to determine their crystal structures and average
grain size. The results indicated that after processing, nano-calcium in milk powders not only prompt the transformation of crystal
structure, but also partially generate oxide structures or even hydrated structures known as the hetero-phase. The methodology of using
X-ray powder diffraction for the structural identification of nano-calcium compounds in milk powders has been successfully established
in this study. This methodology can be applied to characterize the compounds and reveal the stability of the nano-scale additives in
nano-food technology.
Key words: X-ray powder diffraction, nano-calcium, structural identification

INTRODUCTION
Recently, nanotechnology becomes popular. The properties of nanosized materials, between atomic or molecular
quantum confinement and bulk materials, require new
characterization techniques and result in novel phenomena
in materials(1,2). Nanotechnology can provide useful information on the micro-structural composition of food and the
correlation between the configuration, rheological properties and functionality of foods. The relation between foods
and nanotechnologies becomes more important in food
ingredient industries following the development of nanotechnology. Nanotechnology has the potential to provide
health food ingredients for the food industry, such as
applying the natural colloids and functional compositions
on the product design and combining the novel nanofood
ideas with traditional manufacturing. The main applications of nanotechnology on food science and technology are
safety analysis, physical and chemical analysis, production
analysis and raw material preparation. Until now, in addition
to health foods, nanotechnology has become very popular
in the food industry. Basically, nanomaterials may contain
specific surfacing, volumetric and quantum features as a
result of new effects and characteristics after nano-sizing
treatment. Therefore, one target is to employ the specific
features of the nano-structures to develop products with
specific functionality(3,4).
* Author for correspondence. Tel: +886-6-2892081;
Fax:+ 886-6-2890862; E-mail: ptt@protrustech.com

Food nanotechnology contains microstructural modification or equipment application. Recently, many food factories have added nano-iron/calcium to improve the nutrient
content of drinks. In addition, some biological technology
factories have studied on the production of health food with
vitamin C and nano-iron/calcium or nano-sized Chinese
herbs to increase their solubility and absorption. One of the
main application of nanotechnology is the development of
functional food to achieve high solubility, rapid release of
flavor and high bioavailability(5,6). However, nanoparticles
create thermodynamic instability in products due to their
specific features, such as small size, high surface area and
high surface energy. The surface of nanomaterials contains
many dangling bonds and they tend to aggregate to form
larger ones. Once the size of material increase, it will lose
the specific physical and chemical properties of the nanoparticles. Therefore, different manufacture parameters change
the properties of nanoparticles. For example, the crystalline
phase of nanomaterials will change through dissolution and
particle generation to cause adverse physiological reactions.
Maintaining the specific physical and chemical properties
of nanoparticles is a basic requirement. For long-term objective, understanding the properties and the changes of structure and phase of food materials is important.
X-ray powder diffraction can provide useful structural
information on nanoparticles in food, or to identify the phase
change effect in food. For X-ray diffraction, characterizing
the crystallinity of materials ground into powder is convenient. According to powder diffraction spectroscopy, the
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plane distance estimated by the Bragg diffraction angle can
be used to identify the crystal structures of materials(7). In
addition, the diffraction peak intensity will vary with plane
atomic density(8). Therefore, the diffraction peak integrated
intensity and position can be used to characterize the existence of certain crystal materials(9). The criteria for satisfying
X-ray diffraction conditions include: (1) the order of magnitude of layer spacing is similar to the irradiation wavelength,
and (2) the space distribution must have high order of period
in the scattering center. For the mixture containing various
crystal materials, the corresponding diffraction peaks can
also be identified(10). Certainly, the composition of species
is proportional to the integrated intensity of the diffraction
peak. We can also apply the X-ray diffraction technique
on the semi-quantitation of crystal materials. Besides, the
function of X-ray powder diffraction can be further divided
into: (1) identifying the atomic spacing and period of crystal
materials to realize the properties of metal, oxide, polymer
or the other solid-state condenser, and (2) every species has
its characteristic diffraction peak(9). If the peak value is identical to the standard, we can regard them as the same lattice
period(7). Therefore, X-ray powder diffraction can be used to
identify the crystal compound.
In order to demonstrate the crystal structures and structural stability of nano-additives in the food, two different
milk powders are selected to study the structures and
stability of nano-powder of nano-calcium carbonate additives by using X-ray powder diffraction technique.

MATERIALS AND METHODS
I. Sample Preparation
The milk samples with nano-scale calcium carbonate
were obtained from the market. The fruit milk powder and
chocolate milk powder were selected for the X-ray powder
diffraction measurement. A nonfat milk powder without
nano-scale calcium carbonate was also purchased from the
market and used as reference. Standard calcium carbonate
was purchased from Sigma (USA) and used for comparison
in order to understand the original structural state of the
nano-calcium additive. In order to reduce measurement
interference, the milk samples were selected to be of the
same particle size as the standard calcium carbonate, which
is approximately 1 - 10 µm. Hence, the difference in the
chemical structure and crystal size of the nano-calcium
additive could be more exactly identified by X-ray powder
diffraction analysis.
II. X-ray Diffraction Analysis
The X-ray diffraction pattern was recorded with a
copper anode X-ray tube (Cu Kα1 = 1.54051 Å and Kα2
= 1.54433 Å; the average wavelength is 1.5418 Å) using
a MTI Mini X-ray powder diffractometer (MTI, MD-10
precision). The milk powders were packed tightly in the

sample holders. Each sample was exposed to an X-ray beam
at 25 kV and 0.4 mA. The collecting region of the diffraction angle (2θ) was from 20° to 55° at 0.02°-interval size by
cambered surface CCD and the integration time was set at
120 s. After obtaining the X-ray powder diffraction patterns
of the standard and samples, the relative diffraction peaks
are marked and compared with the database of different
calcium complexes from the website of the National Center
for High-Performance Computing as well as literatures to
demonstrate the details of the structural transformation
of the added calcium carbonate. The refined peaks were
analyzed to calculate the crystal size by fitting the full width
at half maximum (FWHM) using the deconvolution method
in accordance with the Gaussian function. The values of
FWHM were substituted into the Scherrer’s equation(7), as
shown in equation (1):
D = Kλ/Bcosθ (1)
where D = crystal size, K = constant as set at 0.9, λ = X-ray
wavelength, B = value of full width at half maximum, and θ
= diffraction angle.

RESULTS AND DISCUSSION
Figure 1a shows the X-ray powder diffraction patterns
of the standard calcium carbonate and samples. It was
found that the features of the standard calcium carbonate
were totally different from those of the fruit milk powder
and the chocolate milk powder. It could be inferred that the
crystal phase of the nano-calcium had been changed after
the treatment process of the powder. In order to understand
the details of the phase transformation of the nano-scale
calcium carbonate, the x-axis of the X-ray powder diffraction pattern had been changed to be displayed as d-space for
data identification, as shown in Figure 1b. To ensure that the
diffraction peaks were contributed from the crystal structures of the nano-calcium additive, the nonfat milk powder
without nano-calcium additive was also measured, as shown
in Figure 2. It showed only one amorphous peak between
20 and 35 degrees, indicating no crystallized calcium
compounds in the milk powder. Consequently, the base of
the milk powder was amorphous and would have minimum
influence on the identification of the X-ray powder diffraction. Figure 3 shows the results of the X-ray powder diffraction pattern of the standard calcium carbonate compared with
standard database. It was found that the structure included
two phases. One was the orthorhombic phase of calcium
carbonate and its lattice parameters were a = 4.96 Å, b = 7.96
Å and c = 5.74 Å(11). The other was the rhombohedral phase
of calcium carbonate and its lattice parameters were a = b =
4.98 Å and c = 17.49 Å(12). In accordance with the diffraction
theory, the main intensity of the diffraction peak was from
the phase of the orthorhombic stacking, indicating that most
of the content in the standard calcium carbonate was in the
orthorhombic phase and a small amount in the rhombohedral phase. In order to understand the detailed structure of
the calcium additive in the milk powder, the X-ray powder
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diffraction patterns of both the milk powders were applied
and compared with the database. Figure 4 reveals the result
of the comparison of the fruit milk powder. The observation
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shows that the structure of the calcium additive was distinguished into three phases. The first structure, known as the
main phase of the calcium additive, was the orthorhombic
phase of calcium carbonate and its lattice parameters were
a = 4.94 Å, b = 7.93 Å and c = 5.75 Å(13). The corresponding
diffraction d-spaces were 3.44, 3.23, 3.02, 2.88, 2.55, 2.43,
2.41, 2.16, 2.06, 2.0, 1.89 and 1.81 Å. The second structure,
known as the subordinative phase of the calcium additive,
was the hexagonal phase of calcium carbonate hydrate and
its lattice parameters were a = b = 10.62 Å and c = 7.54
Å(14). The corresponding diffraction d-spaces were 3.82,
3.12, 2.81, 2.38, 2.32, 2.26, 2.12, 1.99, 1.81 and 1.77 Å. The
third structure was the tetragonal phase of calcium peroxide
hydrate with lattice parameters of a = b = 6.210 Å and c =
11.000 Å(15). The corresponding diffraction d-spaces were
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Figure 1. The X-ray powder diffraction patterns as displayed by (A)
the diffraction angle and (B) d-space of the fruit milk powder, the
chocolate milk powder and the standard calcium carbonate.
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Figure 3. The X-ray powder diffraction pattern of the standard
calcium carbonate compared with the standard database.
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Figure 2. The X-ray powder diffraction pattern of the nonfat milk
powder.
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Figure 4. The X-ray powder diffraction pattern of the fruit milk
powder compared with the standard database.
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3.4, 3.07, 2.8, 2.73, 2.45, 2.33, 2.2, 2.07, 1.94 and 1.76 Å. For
the case of the chocolate milk powder shown in Figure 5, the
main phase of the calcium was the orthorhombic phase of
calcium carbonate and its lattice parameters were a = 4.94 Å,
b = 7.94 Å and c = 5.72 Å(16). The corresponding diffraction
d-spaces were 3.44, 3.19, 3.02, 2.88, 2.7, 2.45, 2.4, 2.16, 2.06,
1.95 and 1.88 Å. The second phase was the tetragonal phase
of water-free calcium peroxide and the lattice parameters of
the structure of the reference data were a = b = 5.010 Å and
c = 5.920 Å(13).The corresponding diffraction d-spaces were
3.82, 3.54, 3.01, 2.51, 2.24, 2.06, 1.93 and 1.81 Å. Milk powder
may contain many kinds of calcium complexes, including
calcium acetate, calcium methylate, calcium formate,
calcium caseinate, etc. The results of the X-ray powder
diffraction had no significant peaks to fit in with those structures and this could be because the contents of these calcium
complexes were too low or their structures were amorphous,
which corresponded to the diffraction pattern of the nonfat
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Figure 5. The X-ray powder diffraction pattern of the chocolate milk
powder compared with the standard database.
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Figure 6. The Gaussian analysis of the characteristic X-ray powder
diffraction pattern of standard calcium carbonate.

milk powder in Figure 2. For the structural analysis of the
amorphous and low content species, one of the possibilities
is to apply X-ray absorption spectroscopy(17-19). However,
the X-ray powder diffraction technique can only be applied
to measure the crystallized compound. The study herein
emphasized the formation of the main crystal phases of the
calcium compounds. Further studies of the amorphous structural transformation of the nano-calcium compounds in milk
powder using X-ray absorption spectroscopy are in progress.
The representative diffraction peak was further
analyzed to calculate the crystal size using the deconvolution method based on Gaussian function(7). Figure 6 shows
the result of the Gaussian analysis of the standard calcium
carbonate. It was found that the crystal size of the orthorhombic phase was 17.847 nm. The intensity of the characteristic diffraction peak of the second phase was too weak to
analyze. The crystal size of the rhombohedral phase could
not be estimated. For the fruit milk powder, the crystal
sizes of the orthorhombic phase of calcium carbonate and
the tetragonal phase of the hydrated calcium peroxide were
15.251 and 21.311 nm, respectively, as shown in Figure 7a.
The subordinative phase of the hexagonal-like calcium additive had a crystal size of 18.633 nm, as displayed in Figure
7b. For the case of the chocolate milk powder, the sizes of the
orthorhombic phase of the calcium carbonate and the tetragonal phase of the water-free calcium peroxide were 16.997
and 10.64 nm, respectively. The result of its deconvolution
analysis is shown in Figure 8.
All the observations show that the main structure of
the calcium additive was orthorhombic crystal and its size
was approximately 15 - 18 nm. The discrepancy of the
d-space of the main orthorhombic phase was contributed
by the lattice parameters. The hydrated calcium peroxide
phase was present in the fruit milk powder, while the waterfree calcium peroxide phase was present in the chocolate
milk powder. It could be inferred that the generation of the
second or third phases may probably be due to a side reaction to generate an impurity phase during the formation of
the calcium carbonate powder. After mixing with calcium
carbonate powder and milk, the impurity phase was further
transformed into a different structural order due to the variation of control factors during the milk powder generation,
such as dehydration rate, drying temperature, etc. It could be
anticipated that the extra phase generation would bring about
problems of dissolution and dispersion of the nano-calcium in
milk and further cause the persecutions of the digestion and
metabolism of the nano-calcium in human body. However,
X-ray powder diffraction can be applied to not only precisely
analyze the structural transformation of nano-food additives
after processing, but also effectively establish the index of the
structural stability. For example, the nano-calcium additive
is calcium carbonate and its structure is the orthorhombic
phase. If the level of the structural stability of the calcium
carbonate is lower, the intensity of the X-ray powder diffraction peak of the orthorhombic phase would be very weak.
It is believed that the X-ray powder diffraction method can
progressively enhance the development of foodstuff-related
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Figure 7. The Gaussian analysis of the characteristic X-ray powder diffraction pattern of the fruit milk powder: (A) the orthorhombic crystal
structure of calcium carbonate (rhombus symbol curve) and the tetragonal crystal of hydrated calcium oxide (triangle symbol curve) as well as
(B) the hexagonal crystal hydrated calcium carbonate (star symbol curve).
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tetragonal crystal of water-free calcium peroxide. Moreover,
the major phase of both milk powders was the orthorhombic
crystal structure and the crystal size was approximate 15 - 18
nm. It is believed that detailed knowledge of the structures of
the fruit milk powder and the chocolate milk powder by the
X-ray powder diffraction would be very useful for the evaluation of the structural stability of the nano-calcium additive
and can effectively enhance the analytical technique of the
nano-foods field in the domestic industry.

CaO2 Green Color chocolate milk powder
2theta 25.27963 Model: Gauss
Chi^2 = 36.64299
B
0.76577
= 0.99906
D
10.640 nm R^2
CaCO3 Blue Color
2theta 25.8577
B
0.47992
D
16.997 nm

400
300
200
100
24.6 24.8 25.0 25.2 25.4

ACKNOWLEDGMENTS
25.6

25.8 26.0 26.2 26.4

26.6

2 theta (º)

Figure 8. The Gaussian analysis of the characteristic X-ray powder
diffraction pattern of the chocolate milk powder.

programs, such as nano-foods, and improve the conventional
technology in food science in the future.

CONCLUSIONS
The details of the structural refinement and transformation of nano-scale calcium carbonate in both fruit
milk powder and chocolate milk powder after the powder
generation process by X-ray powder diffraction have been
investigated. For the fruit milk powder, the structure of the
nano-calcium compound exhibited three different structures
after powder generation, including the orthorhombic structure of calcium carbonate, the hexagonal crystal structure of
hydrated calcium carbonate, and the tetragonal structure of
hydrated calcium peroxide. For the case of the chocolate milk
powder, the structure of the nano-calcium complex contained
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